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L1-Cognitive robotics and space telerobotization

Cognitive rotot sysiems are ones in which scasing and representation occur, from which task plans and tactics are determined. Such a
robot sysiem accomplishes a task afier being told “what” 1 do, but determines for itself "how” 10 do it. Cognition is required when the
work environment is uncontrolled, when contingencics are prevalent, or when task complexity is large: it is wsefid in any robotic
mission. A number of distinguishing features can be associated with cognitive robotics, and one to be emphasized here is the role of
aruficial intelligence in knowledge representation and in planning. While space relerobotics may elude some of the problems driving
cognitve robotcs, it shares many of the same demands, and it can be assumed that capabilities developed for cognitive robotics can be
employed advantageously for telerobotics in general.

The 10p level problem is st planning, and it is appropriate to introduce a hierarchical view of control. Presented with cerain mission
objectives the sysiem must generate plans (typically) at the strategic, tactical, and reflexive levels. The structure by which knowledge is
used to construct and update these plans endows the system with its cognitive attributes, and with the ability to deal with contingencies,

changes, unknowns, and so on. Mwwmmgmdmmw
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1.2. Representation and Manipulation of Geometric Information T, et
The ude 1o this section is the cssential statement of our research interest; it can be paraphrased as zeometric resoning. Consider the
following steps in problem solving for a robotic manipulation problem:

« Identificanion of the environment and objects within it.

¢ Idenufication of physical relationships between objects.
» Generauon of plans to accomplish robotic task objectives; decisions at different levels of abstraction.
* Execution of any manipulator mouon.

Complex cognition on Zcometric objects is reflecied in every step. The research question before us is 10 permit computer-tased
reasoning on geometry, utilizing constructs that human designers and users of robotic systems can employ. A particular purpose is the
provision of an environment in which a knowledge based system (KBS) can be implemented which presents geometric knowledge
employing the powerful concepts that humans use, and which does so uniformly with other knowiedge in the KBS.

1Jeometric reasoning spans issues in the representation, and inieiligent manipulation of models which describe geometne objects. It is of
seneral applicability over the entire range of disciplines which address real-world physical objects. While differences in the information
requirements of various disciplines exist, the commonalities with respect (0 geometric information are marked. This research takes as
1s pont of deparure these commonalitics and secks an architecuure for geometric reasoning. The methodology of the research has two
reiated aspects. The first is a search for concepts around which such an architecture may he organized. The second is the development of
a prototype svstem, boih as a medium {or expioraton and as a Jemonsrauon of ConepL

The group of computer languages known as know ledge based expert system languages ar= of grentest interest, as it is in these languages
thu. much of the current work in real-world intclligent computation is being expressed. Of parucular interest are object oriented
languages. for two reasnns: 1) they provide convenient means for the descripuon of and computation on inherenty hierarchical
information, 2) ‘echniques are rapidly developing 10 :niegraie the other main forms of expert system programmung, rules and logic
programming, :nto the object oriented paradigm.
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1.3. Outline of Paper

Section 2 discusses the Background 0 work in this area: geometric reasoning itself (where it has been identified as such), treatment of
constraints, certain origins within artificial intelligence proper, geometric modelling, computational geometry, and graphics. Section 3
contains our proposed Architecture for geometric reasoning: the requirements, the concepts brought to our design, the system
description, alﬂahufmofmemwnplanmm Section 4 contains the Conclusions and Recommendations, including
an outline of further approaches 10 geometric reasoning by some colleagues at Camegic-Mellon University.

2. Background
Developments in several disciplines provide starting places and points of departure:

Geometric Reasoning itself has a significant, but modest and scattered, literature. Kuipers [Kuipers 77] created a a theoretical model of
human spatial cognition using concepts of representation developed by Lynch (Lynch 60]. These concepts are related together in a
network, through which propagation is used to perform inference. An implicit hierarchical organization is provided by using
containment relations on spatial entities. Brooks (Brooks 81] developed a constraint based geometric reasoner as pant of of the
ACRONYM vision system. The reasoner maintains a class hierarchy (Brooks calls it a restriction graph) of geometric representations
based upon generalized cylinders. The parameters which determine 2 generalized cylinder are restricted through the use of algebraic
constraints. Geometric reasoning is accomplished by algebraic and numerical methods to determine bounds on satisfiability of
constraint sets and extremum of objective functions. McDermott described metric spatial inference, a technique to make inferences
about the relative locations of objects based on simple descriptions. This work was extended by Davis [Davis 81). Constraints on the
relative locations of coordinate systems are used to define fiizzy maps which capture the constraint information in a form amenable to
computation of queries. Davis (Davis 86] grzatly expanded on this earlier work to develop a theory of cognilive mapping which
particularly addressed issues of representation, retrieval and assimilation. The seminal contribution of this work is the formalization of a
means of building a map incrementally and of performing inferences on incomplete maps. Akiner {Akiner 85] built a geometric
reasoner based on resolution theorem proving in the domain of right rectangular orthogonally oriented cuboids. Geometric objects are
expressed as assertions in Prolog and reasoning is accomplished by application of the backtracking search in Prolog using a set of rules
about geometry. Dixon [Libardi 86] (Niclson 86] has used the concept of features 10 build various specialized representations for design
problems. Features are groupings of boundary clements of a solid that provide coavenient units of concept to application programs.
Wing and Arbab (Wing 85] outlined a deductive geometric reasoning system. The main contribution of their proposal is recognition of
the need for a clear language for geometric reasoning.

Constraints are the basis for certain types of computaton which seck 10 maintain some characteristics of an object constant under
modification of the object. Constraints are intimately related to dimensioning, tolerancing and variational geometry. The literature on
constraints is large and growing. Sutheriand [Sutherland 63] created SKETCHPAD, recognized as the seminal work in the area. The
contnbutions of SKETCHPAD include propagation!, numerical solution through relaxation and a method (pins) for linking corstrained
objects. Steele and Sussman [Sussman 30) present a language for the representation of almost hierarchical consmaint networks, a
method cf explanation of constraint calculations and a simple solution technique called local propagation. They also discuss algebraic
rransformations of constraint networks. Steele, in his dissertation [Steele 801, deeply examines the implementation of constraint systems.
Boming [Bomning 79)] developed a programming language dominated by constraints. His contributions included a strong use of the
object onented programming paradigm, a local and fast propagation algorithm and the use of planning for propagation. Light and
Gossard [Light 82), demonstrate wariational geomewry, an instance of the relaxation algorithm used to dynmamically manipulate
parametne pnmitives. Gosling {Gosling 83] contributed several new techniques for constraint satisfaction. These include: the use of
breadth-first search w0 plan propagation, the use of automatic transformation of constraint networks and a fast graph isomorphism
algorithm to make frequent use of transformation feasible.

Aruficial Intelligence and related fields provide key concepts of search, hierarchical knowledge representation, inhentance, theorem
proving and deducuon. Specific resuits in robot task planning (Fikes 71} [Fahiman 74], geologic map interpretation [Simmons 82} and
real-world simuiztion [(Klahr 82] provide useful precedents. STRIPS [Fikes 71] demonstrated robot task planning in a circumscribed
Jomain. In contrast, Fahlman [Fahiman 74} developed a planning system which was highly dependent on a powerful underlying model.
The resulting simplification of the ‘actual planner demonstrates the effectiveness of isolating geometnic issues. Simmons [Simmons
32] used a diagramming scheme separatz from the rest of his program to compute adjacencies, positons and orientation of parts of
geologic formauons. Klahr (Klahr 82] discussed various approaches 1o geometnic relationships in the development of an cbject-oriented
batde simulator. His conclusions concemning the use of so-called aumliary objec:s strongly support an independent Teatment of
Zeometnc informauon.

Geometric Modetiling grew out of early applications of computers o design and manufacture {Requicha 80; "Eastman 79). Geometric
Moceding s concermed with the represeatauon and manipuiaton of subsets of Liree-dimensional Zuciidean space and with e
construction of computer systems (0 support these lasks. Several significant and distinct methods of represeniation are derived from
Geometric Modelling. These methods are:  pure primitive instancing, spatal occupancy enumeration, ree decomposition, sweep
representaucn, cell decomposition, construcuve solid geometry and boundary representation. Of these, tree decomposition, constructive
soiid geomeny and boundary representanon are of most significance to this work. In recent years a great aumber of resuits have
smerged in this tield.

Computauonal Geometry is, according 0 Preparata and Shamos [Preparata 85] an atempt (0 “reshaape - whaenever necessarv - ihe

“Caile the one pass method by Sutherland.
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classical discipline (of geometry) into its computational incarnanion.” This field is concerned with the design and analysis of problems
in the construction and computation of properties of geometric objects. Preparata classifies problems in computational geometry into
five categories, each describing problems in one of the following areas: convex hull, intersection, geometric search, proximity and
geometric optimization. From this field may be gamered good algorithms for these problems.

Computer Graphics has spawned a wide variety of techniques for the creation of images on computer output devices and for visually
based human-machine interaction. The fundamentals of this ficld, especiaily rendering algorithms and interaction techniques have
relevance 1o the present research and are of interest for the services they can provide in creating 2 usable geometric tool.

3. An Architecture for Geometric Reasoning

3.1. Requirements
An architecture for geometric reasoning must meet several requirements. It must:

‘s Represent a wide DOMAIN OF GEOMETRIC ENTITIES. A geometric entity is a subset of three dimensional Euclidean
space (R3). Combinations of restrictions based upon finite describability, compactness and regularity can be used 1o
specify a large and useful set of classes of geometric entities. A myriad of algorithms exist to represent and manipulate
members of these classes.

"o Represent a wide DOMAIN OF SPATIAL RELATIONSHIPS. An object in space is located with reference to some
other object or to some coordinate frame. Such a reference establishes a relation between the located object and its referent.
Relationships are a key component of modelling systems as most mocelled objects are not homogeneous but consist of
many interrelated pans. Many types of relationships exist; of particular interest here kinematic, locational and topological
relagonships.

o Support a wide variety of useful QUERIES on geometric data. Queries take as input a description of subsets of R3 and
prodmeasmﬂtsanodmsubsetofk’,avecwr.asalarormwxnml description. The results of quenes may be
considered as partial models of the original subset of R,

e Support the general CLASSIFICATION of geometric objects. Geometric entities may be classified by the resuits of any
query on those entitics. A classification scheme examines a representation of geometric information and determines if it
denotes an object which belongs to any of the classes defined in the scheme.

¢ Provide a general means 10 GENERATE families of objects. An incomplete model of a geometric object defines a class of
objects, C, ail of which are partally described by the incomplete model, but which differ in characteristics not described by
the partial model?. A generatioa algorithm produces members of the class C when given as input an incomplete geometric
model. If the generation algorithm can produce ail such members, it is said to be exhaustive.

e Provide a wide variety of MODIFICATION TECHNIQUES on geometric data. A modification of geomewnc data is an
operator which changes some aspect of the data while leaving other partions unaffected. Both object definition and object
altering operators are modification techniques.

 Be directly ACCESSIBLE from a knowiedge based system. A geometric reasoner is intended 1o be used as a uulity for the
representation and manipulation ¢f geometric information —:thin a knowledge based system. It must be accessble from
such a system in a clear, well-defined manner.

¢ Be EXTENSIBLE (o0 include new algorithms for geometric computation, without structural change to the system. Both the
number of applications which use geometry and the number of aigcrithms on geometric representations are growing
explosively. A geometric reasoner must be able to gracefully accept the addition of new algorithms and representations if it
is 10 continue to be useful.
L ] .

3.2. Concepts

The requirements above pose constraints on the performance of a system, not upon the means of achieving such perfarmance. We have
Jeveloped a syster architecture within which these requirements may be achieved. This architecture :s comprised of three component
concepts: classes of spatial sets, geometric abstractions and feawres. The {rilowing describes each of these concepts ndividually and
then relates the concepts together 1o form the overall architecture,

3.2.1. Classes of spatial sets

Spatial sets may be organized into classes. A class is distinguished by cermin properties that must be true for all of 1s members. For
example, the class of regwar polyhedra consists of those polyhedra which have identical vertices and dihedral angles and faces which
are congruent, convex and regular. Classes are recursive; they may contain subclasses. A subclass is governed y all of the true
properues of its superclasses. The class concept is familiar 0 many, particularly those who have studied object-onented programming.
it addresses three of the requirements outlined above.

“An exampie 15 an ad;acency matnx as a pestsl representation of a layous of rectangles
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2. It provides a mechanism for the automatic classification of spetial setq,

3. It establishes a clear framework for exiensibility. - ¢‘ -
Aw&hnamdmmumnnywwmechsm Structuring geometry into classes allows the transparent
definition of useful representations and algorithms for different objects. Each class of objects, for example polygons, may have a
specialized data structure or structures and a set of algorithms for computing such properties as displays, areas, convex hulls and
bounding boxes. A class may partially define some its properties. Far example, the location of an object in space may be unrestricted by
a class, or may be restricted 1o a subset of space. This ability to partially define properties supports the meaningful creation of instances
of a class. An instance displays all of the properties defined for its class, but holds specific values for properties that have been only
partially defined by the parent class.

The automated classification of spatial sets may be supported by algorithms which operate on members of a class ana gracuate those
members down the subclass tree if they meet the conditions specified by a subclass. This classification can be extremely efficient, in
that its complexity is proportional to only the depth of the class tree, not 10 the number of classes defined. -

Extensibility is addressed by the class concept as new classes may be defined by specification of additional properties on an existing
class or set of clssses. All of the properties of the old classes are maintained in the new class.

3.2.2, Geometric Abstractions
Geometric abstractions are representaticas of only a portion of the properties of a spatial set. A geometric abstraction may have its own
representation and set of algorithms for the computation of properties represented by that abstraction. For example, the vertex-edge
graph of a polyhedron can be simply represented in a variety of ways and is sufficient for wireframe display. Geometric abstractions are
organized into a hierarchy in which an abstraction is a sub-abstraction of another in the hierarchy if it can be computed from the higher
level abstraction. Figure 3-1 shows an abstraction hicrarchy for some simple abstractions on an assembly of geometric objects.
The concept of geometric abstractions contributes to six of the eight requirements for geometric reasoning:

1. It provides a means 0 represent endties within the modelling domain prior to having complete knowledge of their
configuration.
. It provides a uniform representation for relationships between sets of objects.
. It unifies querics on objects with representations of ob,ucts.
. It provides a framework for the formulation of generation problems.
. It provides a framework for the maintenance of consistency of geometric infarmation under modification.

. 1t provides transparent access to appropriate levels of representation.
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Figure 3-1: An abstraction hierachy for collections of polyhedra

The domain of npresentation discussed in Section 3.1 is a specification of the classes of spatial sets that should be modelled by a
geometric reasoner. It does not give guidance for creating the representations which suppart modeiling. Geometric abstractions provide
a means © build multiple representations, and to link those representations together into a hierarchy. Multiple representations support
the incomplete definition of geometric entities as each of the representations can be coasidered a partial model, which captures some
properties but ‘zaves others undefined Linking these muitiple representations together into a hierarchy provides a framework for
:nference upoa partial knowledge. Figure 3-2 demonstrates how an abstracuon hierarchy supports this inference. If all that is known
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about a particular geometric entity is its convex hull, thea several different abstractions (minimum plane pair, plane-of, extent and axis)
may still be computed. Compatation of additional information demands that information be added w0 the reasoner in some fashion.

Unabstracted
Collection
- L
- T T 1
Adjacency Contasinment Convex Volume
Graph Graph Hun
Minimum Extent Axis
Plane Pair
Plane of

Figure 3-2: Use of an abstraction hierarchy for inference on incomplete information

Mmmamammmmnobmmybecmedmlmhmxmwhthnsmdepcndmtof!herelanonslup
modelled. The only difference between different relationships is the algerithms which are used to examine the graph data
example, a graph which capares information about adjacencies can be searched mmlymdmnmconnecmdsub—commnm A
graph which captores proximity information cannot be so searched as proximity is not a transitive relation.

Geometric abstractions unify notions of queries and partial representations. A query on a geometric entity produces an abstraction or
partial representation of that entity. This abstraction may be geometric object in its own right, or may be a graph representation or a
veclor or scalar quantity. In any case, for every query on a geometric entity there exists an entry into the abstraction hierarchy for that
object.

An abstraction hicrarchy can be interpreted in two directions. If dowmward compuation is defined as the direction from complete
models to less complete models, and upward computation is the reverse, then downward computations correspond to queries on models
and upwards computations correspond to generation algorithms. For each query there can be formulated a problem in generation, which
may or may not have a reasonable computational solution. In almost all cases the algarithm will be combinatoric in complexity. For
example. generation of rectangular layouts from an orthogonal graph representation produces on the order of 10 possible layouts when
only 10 rectangles are considered. This dual interpretation of abstraction hierarchies links together queries and generation problems,

The abstraction hierarchy provides a means for mainenance of consistency under modifications. A change to one of the representations
in an abstraction hicrarchy may impact information contained in other representations. A conservative strategy is to delete all
information dependent upon the changed infornation and to recompute the delexed information as it is neceded. The abstraction
hierarchy can be used 10 incrementally improve upon that conservaiive strategy by including specific modification algonthms o
selectively update nodes in the hierarchy. For exampie, under isometry transformations, the convex hull of an object will be changed by
exactly the exactly the same transformation that applies to an unabstracted collection.

When a query is put to a model stored using an abstraction hierarchy, the hierarchy is searched for a representation from which that
query can be answered. If the representation is not found, it is computed. If the required representation cannot be computed due 10
insutficient information being stored in the hierarchy, then that fact is returned as the response o the query. All of this can occur in a
manner completely transparent to the application which is using the reasoner.

323. Features

Features® capture the nearly hierarchical decompositions of composite objects that humans impose upon these objects. This
lecompoesition s essential 0 the process of understanding, manipulating and creating zeomeuic forms, vet it has litile to o with
geometry per se. It is rather a recursive naming mechanism, that supports the aggregation of geometnc entities into compiex
composites. This naming mechanism should be as flexible and general as possible, 0 support many different approaches w0
Jecompcsition. Virtally the only restriction that is reasonable 1o place on this mechanism is that it not be seif-referential, that is, that no

meuumwﬂmd;m-mdmgvﬁnmmmm&
*The ongm of the ierm “festures™ anses fram its general usage in computer-sided design as a means of specificanon of portions of a model that are of mterest. Recently

specific use of the ierm has occurred in the context of mechanical engineering design and machining [Libardi 86] [Nicisom 86]. iis meanmg here does not contrmauict these
siages.
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featmre can contain itself as one of its sub-features. The concept of features addresses four of the global system requirements:
1. It adds the notion of an assembly of objects into the domain of representation.

2. It provides a framework for the computation of relationships between objects.
3. It provides a framework for the computation of queries on objects.
4, It is a basic interface mechanism, allowing uniform access o a system.

Thefmdmml&amainofmnﬁonfuzgmuicmhgsymbmhmofﬂ’.Fatmmpmvid:amechmismwmtum
combinations of these sets in any way required by an application. The single limitation on features, that of non-self-referentiality,
imposes very littie on the scheme. Features may be used 1o represent strictly hierarchical structures such as the instance tree of

modelling systems [Woodbury 86] and high performance graphics packages [Brown 85] as well as structures which approach a general
data access scheme.

By providing a means 10 group together geometric entities of interest, features srovide an mechanism for passing arguments to functions
which compute relationships between entities. For example, polyhedra which represent a robot arm may ve grouped together under a
single feature and submitted to an algorithm which computes the allowable movements of the assembly from the constratats imposed by
the joint geometries. If each of the links of the robot arm is represented by a number of polyhedra, these may be grouped inwo 2
sub-feature and considered as one unit for purposes of the allowable movement algorithm. The information computed by the algorithm
is a property of the feature as a whole, not of the individual spatial sets which compose the feature.

In a similar fashion, features may be used for the computation ~f queries on objects. For example, the convex huil of a feature which is
composed of a number of spatial sets will in general be different from any of the convex bulls of the component sets. Queries on
features compute properties which pertain to the entire assembly, not necessarily to its constituent parts.

Features are a basic access mechanism 10 a geometric reasoner. They provide a means to reference geometric objects in terms of the
semrantics of the application at hand, rather than in terms of data structures which represent geometric sets. A user need know litle more
than the hasic structure of feamres and the protocol of operations which apply 10 them to effecuvely build and access compiex
geometric models.

33. The Concepts Together: An Architecture

The three concepts, classes of spatial sets, abstractions and features mutuaily interact. Out of these interacnons can be developed an
overall system architecture.

The two concepts of classes of spatial sets and features are related by a single rule: a feanire may be declared as a member of a
parucular ciass of spatial set. This rule has two implications: .
1. It preserves the uniformity of feamres as the main access scheme 0 the Jeomewic reasoning system. The specific
geometric models which may be part of the definition of a feature are hidden {rom the user of the reascner. All ther is
visible is the feature hierarchy.

2. It further restricts the allowable contents of a features. A {eature which is also a spatial set may contain sub-features, “ut
these sub-features are constrained 1o be elements from the boundary of the spatial set®. Fer examgle. 1 wmindow regulater®
for an automobile may be described as having several parts, one of which is the backplate. If the dackpiate is declared 0
beiong 0 the class of polyhedra, then ail sub-features of the backplaie must be 3 part of the boundary of the polyhedren
which describes the backplate.

The :nteraction between features and abstractions can be sxpressed by a sing’e rule: Features are the fundamenwal units of abstraciion.
This rule has two implications:
1. Only features may be abstracied. .An abstaction hierarchy grows whenever queries are performed zpon an enuty. Since
feawres are the only enutes upon which queries are defined, they are aiso the only entities which support abstractions.

2. Features store sbswaction informatica at the appropriate level. An abstaction generated on a particuiar ‘eature s stored in
the abstractuon hierarchy associate with that feagire. Any ibstracucns generated :n the frocess of computation ire
automatically stered at the appropnate level in the feature hierarchy. For 2xample, sonsider Figure -3, Representaucns
which abstract the window regulator as a whole are stored with the ‘eature labelled wincow reguiaior. Representaucns
ahich abstract enly the backplate of he -vindow regulator are stored with the feature labelled backxiace.

ZZasses of spaua sets and abstracuons are amply related. The rule in this case is: svery abstracuon s represented by either a spuaai =t
3 3raph, a vector or 2 scalar. This rule has a single impiicauon:
{. 1 makes ail of the power of the nderlying operations on spanal sets available 0 the atstracuen mechanisms n e
Jscmetnc reasoner. For example. n compuung the bounding box of in assembly of cbjects, the ~ascrer could Proczed

s rernction  ailowabie contents creaies s ciose sppfoLimalion 10 most “Mpiementat:ces f pan-»noie herschues.
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Figure 3-3: Sioring abstractions at the appropriate level
from either the complete assembly or could first compute the convex hull of the assembly. In cither case, by virtue of both
represent.iions being defined in terms of polyhedra, the same algorithm would apply.

When the three concepts are considered simultaneously an overall system architecture emerges. Figure 34 diagrams this organization
In this figure, the boxes refer to each of the concepts and the lines are inheritance relations between concepts. The top level bax, labeiled
object denotes the unity of all of the conceyds as data objects in an implementation.

//—
, can be
// Ubject \represemed

»
; v
1 !
Abstractions Features
Spatial
Sets
Abstraction Abstractable
Results Spatial

Sets
Figure 3-4: The overall system architecture

3.4. Implementation
This implementation of his architecture is aﬂ'ccm by the chaice of programming eavironment. We chose object onented programming
for this exploration as its concepts of polymorphism and inheritance map naturaily onto the hierarchicai structuring i geomeunc
information that is proposed here. The partcular programming environment used, CommonLoops, has two special properxes, muluple
:nhentance and multi-methods. that aifect the overnail sysiem architecture:
1. Multiple inheritance permits ‘acile merging of :he system coocepts. The class sbszractable spanal sets is formed by
inheriting from the classes fzatures and spatial sets and by defining a small number of methods spec:fic 10 the new cass.

2. Multi-methods permit the specialization of methods on the basis of :lass membership of more an one of the method
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arguments. This is in distinction o so-called classic message passing in which only the class of the first argument is
significant. Muhi-methods simplify the creation of uniform protocols over operations which involve more than one object.

We have implemented a simple two-dimensional geometric reasoning system based upon the three concepts, classes of spatial sets,
geometric abstractions and features. With the lessons learned from this exercise we are currently implementing a much larger scale
demonstration in three dimensions, using an existing solids modelling system as the basis for geometric computation.

4. Conclusions and Recommendations

The architecture for geometric reasoning contained in section 3 is offered as a promusing approach (0 representation and manipulation
of geometric information for knowledge based systems. Its impiementation is underway, and it wil' be evaluated for problems of robat
manipulation. It will also be applied to problems of mechanical parts description for manufacturing or assembly.

Additional approaches to geometric reasoning, offered by colleagues of the authors, are partly outlined here. One approach is m
investigation of natural language function in conveying geometric information; this work has its arigins both in cognitive psychology
and in architectural research into spatial cognition {Goel 86]. Another approach, convincingly demonstrated in two-dimensional spacs.
is the representation and abstraction of loosely packed arrangements of rectangles in automated layout research (Flemming 86). A third
apprach is reflected in language design for geometric representation and manipulation [Wing 85). A fourth approach is found in studies
of automated assembly and disassembly of objects. A fifth approach is exemplified by the design of domain models for roba
manipulation within complex facilities such as nuclear power plants, together with the design of blackboards for robot conwrol
comparably rich environments (Keirouz 86}
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